This paper presents a flexure pressure sensor fabricated by means of 3D printing. This sensor combined with a biosimulant artifact from the National Institute of Standards and Technology (NIST) is used to measure the severity of injuries caused in the case of a robot impact with a human. The stiffness matrix is derived for the structure by means of screw theory. A Finite Element (FE) model is constructed to verify the analytical model and obtain the allowable pressure with regard to the yield stress.
Introduction
The movement of manufacturing to countries featuring labor with low hourly wages over the last fifteen years has motivated the development of a new generation of industrial robots that can work side-by-side with human workers [1] . This has created a new technology of Human-Collaboration-Robotics (HCR), which combines the intelligence and dexterity of humans with the strength, repeatability, and endurance of industrial robots [2] . Since most robots are powerful moving machines, the safety of workers working around these robots has become a top priority for safety standards development.
We are using biosimulant materials for the fabrication of inexpensive, disposable HCR safety testing artifacts. These testing artifacts will make possible the measurement of forces, pressure and strain when humans and robots come into contact and also the magnitude of injuries caused by robot static and impact pressure. The Dynamic Impact Testing and Calibration Instrument (DITCI) is a simple instrument, with a significant data collection and analysis capability that is used for the testing and calibration of biosimulant human tissue artifacts [3] .
Much work has been done in the design of pressure sensors. Additive manufacturing is widely used for rapid fabrication. Sander et al. [4] designed a monolithic capacitive sensor. Someya et al. [5] designed a flexible pressure sensor matrix for the application of artificial skin. Many Micro-electro-mechanical Systems (MEMS) designs are proposed for pressure sensing [6] [7] [8] [9] [10] [11] [12] . However, the costs of these pressure sensors are high. The most common 3D fabrication of polymer objects is fused deposition modeling (FDM). Some other 3D fabrication methods like selective laser melting (SLM), selective laser sintering (SLS), fused filament fabrication (FFF) and stereolithography (SLA) could be used for some other materials or for a higher precision. However, the cost is higher than FDM. In this paper, we propose a structural sensor design, which is mounted underneath the biosimulant artifact. As shown in Fig. 1 , the structural sensor mounted under the artifact is set on the DITCI instrument stage. The rest of the paper is organized as follows: Section 2 presents the design methodology and fabrication method. Section 3 derives the stiffness matrices for a single pressure cell. Section 4 presents the finite element analysis (FEA) for the design. Section 5 presents the conclusions.
Design and fabrication
In this section, we describe the design and fabrication of the sensor structure. The sensor system includes a top biosimulant artifact and a bottom sensor. We fabricate the sensor by means of FDM.
Biosimulant artifacts with bottom sensor
As shown in Fig. 2 , the sensor system consists of three layers. The top two layers are called the biosimulant artifact, which consists of disks of biosimulant skin and soft tissue [3] . The bottom layer is the structural sensor. The biosimulant artifact simulates human skin and muscle and simulates the stress distribution when the impact force is applied on the top of the skin. The bottom structural sensor can measure the pressure on the bottom surface of the ballistic gelatin. By studying the distribution of the stress in the ballistic gelatin caused by the dynamic impact force, we build the relationship of the top impact pressure and the pressure distribution on the bottom surface of the ballistic gelatin. Thus, we are able to reconstruct the top impact pressure from the measurements of the calibrated bottom structural pressure sensor.
As shown in Fig. 3 , the bottom sensor has two parts: the center structural sensor and a rigid disk. The white structural sensor will be deformed or destroyed at a certain pressure, while the orange rigid plate has no significant deformation during testing. After each impact testing, the white structural sensor is disposed and it can be replaced for multiple testing with the same biosimulant artifact and plate. This setting is designed to reduce disposable material for lower cost. The size of the white structural sensor should be larger than the tool size. Here, we use a 19 mm × 24 mm tool, as show in Fig. 1 . The size of the white structural sensor could be changed based on the application. 
Design of beam based pressure sensor
The structural sensor is shown in Fig. 4 . It mainly consists of three parts: top load cube, middle suspending beam, and bottom holding grid. Each top cube is independently supported by the beam. The two ends of each beam are fixed to the bottom grid. The bottom grid structure is designed to be stiff enough so that no deformation occurs when the loading force impacts on the whole structure. A single pressure cell is composed of one top cube, one beam, and bottom grid. Depending on the contact surface of the tool which is creating the impact force, a certain number of the pressure cells are affected so that the cubes will move downwards. Under sufficient pressure, the supporting beam will be destroyed and the top cube will be driven into the grid structure to show an obvious sign of large deformation.
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Bottom sensor Figure 5 shows a modified design. In this design, the bottom grid has some beams of the grid removed to improve the reliability of the fabrication. Furthermore, the length of each beam is increased to lower the stiffness of the structure. Thus, the allowable pressure can be adjusted. However, the overall size of the sensor is increased. 1 Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose. 
Structural analysis
In this section, the detailed structure of the design is described and later the screw theory based stiffness model is built to calculate the stiffness matrix.
Design parameters
A schematic drawing of the sensor is shown in Fig. 7 . This design is constrained by the capabilities of the 3D printer. With a different type of 3D printing technology, the sensor could be made smaller or from different materials. For example, SLA commonly has a higher resolution and uses cured material like resin. 
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Here, the suspended beam has a rectangular cross section of thickness t and width w. In order to ensure the printing quality, the value of the supporting beams distance is set as 2.2 mm. A larger will cause the printed beam to sag, while a smaller will cause the gap between the top cubes to be too small. Thus, the remaining polymer strings would reduce the quality. The height h is 1.2 mm.
The top cube also has a minimum printable size. If the size is too small, the top could not maintain the square shape. The ideal design is shown in Fig. 7 . However, due to the limitation of FDM 3D printing, the actual shape of the printed sensor is shown in Fig. 8 . Careful examination of the printed artifact shows that the end of the attachment to the beam center is reduced to a small square. This is because during FDM printing, the filament could not be fully attached to the beam. We take advantage of this phenomenon to create a better design. This design concentrates the applied force on the beam center to increase the free length of the suspending beam. Finally, the beam is easier to deform with the concentrated force loading on its center. Another feature that needs to be assured in the printing is that the two ends of the beam must be fixed on the bottom grid. As is shown in Fig. 8 , the two ends of the beam in the actual design extend over the border so that the nozzle will start at the printing position outside the grid. 
Stiffness analysis
Here, we adopt the screw theory [13] [14] [15] in the analysis of the stiffness matrix. In screw theory, the deformation is denoted by a general twist vector = ( , , , , , ) and the loading is denoted by a wrench vector  = ( , , , , , ) . The stiffness matrix is defined as
Here, the units of the rotational and translational displacement are radian and millimeter, respectively. The units of force and moment are Newton and Newton-millimeter, respectively. In the stiffness modeling of the sensor structure, we split the beam to two segments from the center plane of the beam. The two segments are considered to be connected in parallel [16] [17] . 
where 
Through an adjoint transformation matrix [ ], we could derive the stiffness of the mechanism by means of the equation (3) where [ ] 
Here, [ ] is the skew-symmetric matrix defined by the translational vector d [12] [13] .
The subscript 1 means left half segment beam and 2 means right half segment beam. After substituting for the material property of PLA, we could obtain the stiffness matrix as 
The value 0.52 N/mm is the required force in the y direction for a 1 mm translational displacement. Figure 9 . The FE model of a single pressure cell
Verification via finite element analysis
In order to verify the derivation of the stiffness matrix, we conduct the finite element analysis for the single pressure cell. As shown in Fig. 9 , we build the FE model in Abaqus with 4502 elements. The structure is fixed at the bottom and pressure is applied on the top surface. When the maximum Von Mises stress reaches the yield stress of 45 N/mm 2 , we record the corresponding loading force and displacement. The top cube moved 0.056 mm downwards with a loading force 0.028 N. The loading force is evenly distributed on the top surface to form the pressure loading. According to the coordinate frame of Fig. 9 , we present the relationship of the force and the displacement in the y direction. As shown in Fig. 10 , the beam deforms linearly with respect to the loading. After fitting the points by means of the least squares method, we obtain the value of the stiffness 0.5 N/mm, which is close to the values derived from the stiffness matrix in Eq. 7.
Conclusions
This paper presents a structural pressure sensor design fabricated by means of 3D printing. Some meaningful conclusions can be drawn as following.
(1) The structural pressure sensor is disposable, low cost, and easy to fabricate. (2) We derived the stiffness matrix for a single pressure cell by means of screw theory. (3) From the result of the FE model, we obtain the loading force 0.028 N. By changing the area of the top surface, we could control the allowable failure pressure.
